Monocular deprivation early in postnatal development leads to anatomical and physiological changes in the lateral geniculate nucleus (LGN) and visual cortex. Many of these changes are dependent upon activation of the NMDA receptor. We have examined the role of visual experience in modifying NMDAR1 subunit expression in the LGN of animals reared with various forms of visual deprivation. Following monocular deprivation initiated either at eye opening or at the peak of the critical period, there were approximately 20% fewer NMDAR1-immunopositive neurons in the deprived laminae of the LGN. The loss of NMDAR1-immunopositive neurons was found throughout both the binocular and monocular segments of the LGN and after monocular deprivation until just 3 weeks of age. These results indicate that the loss of NMDAR1 in the LGN following monocular deprivation does not simply reflect changes in the visual cortex. The loss of NMDAR1 expression was not necessarily permanent. Initiation of binocular vision at the peak of the critical period ameliorated the effect of monocular deprivation and the introduction of a period of reverse occlusion led to a complete reversal. Taken together, the results show that the expression of the NMDAR1 subunit in the LGN can be modified by the pattern of visual experience during postnatal development.
Introduction
Visual experience is necessary for normal development of the central visual pathways. When one eye is deprived of vision during the critical period in postnatal development, there are anatomical and physiological changes in both the dorsal lateral geniculate nucleus (LGN) and the visual cortex (for review see Mitchell & Timney, 1984) . In the LGN, neurons within the binocular segment of the deprived laminae shrink as a consequence of the reduced capacity of their geniculocortical afferents to successfully compete with afferents serving the open eye for territory in the visual cortex (Guillery & Stelzner, 1970) . In kittens, these competitive changes in the LGN are not observed before about 3 weeks of age (Hickey, 1980) , depend upon NMDA activation in the visual cortex (Bear & Colman, 1990) , and closely follow the time course of the critical period for physiological change in the visual cortex (Olson & Freeman, 1980) . During early postnatal development of the central visual pathway, the NMDA receptor has been shown to play a critical role in the patterning of connections (Hahm et al., 1991) , strengthening of nascent synapses (Artola & Singer, 1987) , as well as the transmission of retinally evoked excitatory activity through the LGN. There is an enhanced response to NMDA receptor activation in the immature LGN (Ramoa & McCormick, 1994) , and a subsequent change to the mature response that is dependent upon retinal activity (Ramoa & Prusky, 1997) . In the mature LGN, activation of the NMDA receptor contributes to the fast response in conventional retinogeniculate transmission of excitatory signals (Sillito et al., 1990; Esguerra et al., 1992) . Activation of the NMDA receptor in the visual cortex is a key component of experiencedependent change during ocular dominance column development (Kleinschmidt et al., 1987; Daw, 1994) , and the pattern of dense patches of NMDAR1-immunopositive neurons is associated with the development of ocular dominance columns (Trepel et al., 1998) . Taken together these results indicate that the NMDA receptor participates in a variety of aspects of the development of the central visual pathways in addition to contributing to the transmission of retinally evoked excitatory signals.
New details about the laminar and tangential development of NMDA receptor expression in kitten visual cortex have emerged from recent studies using monoclonal antibodies to the NMDAR1 subunit (Murphy et al., 1996; Aoki, 1997; Catalano et al., 1997; Trepel et al., 1998) . These studies have demonstrated that visual experience contributes to the development of NMDAR1 expression in the visual cortex, with early monocular deprivation disrupting the tangential pattern of NMDAR1 patches in the superficial layers (Trepel et al., 1998) , and later monocular deprivation leading to eye-specific loss of NMDAR1 expression in layer IV (Catalano et al., 1997). The development of NMDAR1 expression at earlier levels in the central visual pathway, however, has not been examined. In light of the important role that NMDA receptor activation plays in the transmission of activity through the LGN, it is important to know whether the expression of NMDA receptors in the LGN can be modified by visual experience.
The aim of the present study was to assess the influence of visual experience on NMDAR1 expression in the LGN by examining the postnatal development of NMDAR1 expression in the LGN of kittens reared with either normal visual experience or various forms of monocular deprivation. The main finding is that monocular deprivation promotes a loss of NMDAR1 expression throughout the deprived eye layers of the LGN and restoring vision to the deprived eye can promote recovery.
Methods

Animals and histology
The distribution of NMDAR1-immunopositive neurons in the laminae of the LGN was examined in 20 kittens reared with various forms of visual experience. These included: normal binocular vision (n ϭ 6), early or late monocular deprivation (n ϭ 10), reverse occlusion (n ϭ 2), or monocular deprivation followed by binocular visual experience (n ϭ 2) (see Tables 1 and 2 ). Early monocular deprivation was initiated at the time of natural eye opening, while late monocular deprivation was initiated at the age indicated in Table 2 . All procedures were approved by the institutional animal care and use committee. Monocular deprivation, reverse occlusion, and eye opening were performed using aseptic surgical techniques, gaseous anesthetic [isoflorane (0.5%-5%) in oxygen] for induction and maintenance of anesthesia, and following procedures that have been described in detail previously (Murphy & Mitchell, 1987) .
Animals were euthanized (sodium pentobarbital, 165 mg0kg, i.p.) and then perfused transcardially with 0.1 M phosphate buffered saline (PBS; 48C, pH 7.4, 60-100 ml0min) until circulating fluid was clear, followed by 4 min of fixation with 2% paraformaldehyde in 0.1 M PBS (48C). The brain was removed from the cranium, the hemispheres were resected, and the block of tissue containing the LGN was postfixed with 2% paraformaldehyde and 30% sucrose in PBS (48C) for 6 h, then transferred to 30% sucrose in PBS (48C) and stored overnight. Sections through the LGN were cut on a freezing microtome in the coronal plane at a thickness of 50 mm.
Immunohistochemistry
Sections were incubated free-floating in blocking serum [2% bovine serum albumin (BSA), 11% normal goat serum (NGS) in PBS], then transferred to PBS, 2% BSA, and 1% NGS containing mouse anti-NMDAR1 (1:500) monoclonal antibody 54.1 (PharMingen, San Diego, CA) and incubated for 40 h at 48C. Immunoreactivity was visualized through the avidin-biotin process using Vectastain ABC elite kits (Vector Labs, Inc., Burlingame, CA) and the chromogen 3,39-diaminobenzidine (DAB). Sections were then mounted onto glass slides and coverslipped with DPX (Aldrich, Milwaukee, WI). The figures of NMDAR1 immunostaining in the LGN were constructed by scanning the sections directly using a high-resolution slide scanner (SprintScan 35 Plus, Polaroid, Cambridge, MA), converting the images to grey levels and adjusting the contrast using the levels-tool in Photoshop (Adobe, Inc., San Jose, CA).
Quantitative analysis
NMDAR1-immunopositive neurons in the LGN were plotted at high magnification using a compound microscope with Nomarski optics and a drawing tube attachment. For each animal, a coronal section comparable to Sanderson's coronal 5-6 (Sanderson, 1971) was selected and all of the NMDAR1-immunopositive neurons in both LGN were plotted. The laminar boundaries and the border with the MIN were also identified on the plots. The plots were digitized using a high-resolution graphics tablet (Drawing Board III, CalComp, Anaheim, CA), and the number of NMDAR1-immunopositive neurons in the layers receiving input from one eye was compared with the number in layers receiving input from the other eye. For the deprived animals, the comparisons were of the initially deprived eye layers with the initially nondeprived eye layers. To allow for comparisons across the various ages studied, the relative difference in number of NMDAR1 neurons between deprived and nondeprived laminae was calculated as follows:
This relative difference measure was used as it would not be influenced by an overall increase in the number of NMDAR1-immunopositive neurons during development. Evaluation of the differences in cell counts between laminae was done by comparing all of the groups using the Tukey-Kramer t-test.
Results
Normal visual experience
NMDAR1 immunostaining was apparent in the A, A1, and C laminae of normally reared kittens at all ages studied. At the earliest age examined, 1 week of age (prior to eye opening), immunostaining within the LGN was very diffuse, there was staining of the neuropil, and NMDAR1-labeled somata were not easily identified for quantification (Fig. 1A ). For this reason cell counts were not done at this age. Neurons in the adjacent perigeniculate (Fig. 1B) , however, were well labeled at 1 week of age indicating that the pattern of diffuse label in the LGN was not simply generalized poor labeling. By 3 weeks of age, NMDAR1-immunopositive neurons were readily visualized for quantification, even though the neuropil in the A laminae was darkly stained (Fig. 1C) . NMDAR1-immunopositive neurons of varying sizes were found in all of the layers and proximal dendrites were labeled on many of the larger neurons. In addition, it was common to observe bundles of NMDAR1-labeled fibers in the A layers (Fig. 1) . Layers A and A1 exhibited comparable levels of immunoreactivity (e.g. Figs. 2A and 2B), with no obvious difference in NMDAR1 expression between layers receiving input from the ipsilateral versus contralateral eye. Immunostaining of the C laminae, however, was consistently lighter ( Fig. 2A) , even though there were many NMDAR1-immunopositive neurons (Fig. 2B) . The difference in immunostaining between A0A1 and the C laminae largely reflected less neuropil labeling in the C laminae. Plots of NMDAR1-immunostained neurons showed that there was a relatively even distribution of labeled neurons throughout the medio-lateral extent of the nucleus, including the monocular portion of layer A (Fig. 2B) . Analysis of the overall number of NMDAR1-immunopositive neurons in the LGN showed that there was a steady increase during early development, nearly doubling between 3 and 6-8 weeks of age (Fig. 3) . LGN were found at all ages. Scale bar ϭ 50 mm.
Monocular deprivation
There was a loss of NMDAR1 immunoreactivity in deprived laminae after both early (Figs. 2C and 2D) and late (Figs. 2E and 2F) monocular deprivation. The reduced immunostaining in the deprived laminae reflected less neuropil staining, lighter soma labeling, and fewer NMDAR1-immunopositive neurons. Comparison of the number of NMDAR1-immunopositive neurons in the LGN showed a consistent loss in the deprived laminae (Fig. 4) . The loss included both the binocular and monocular segments in the deprived A layer. In all cases, there were fewer NMDAR1 neurons in the deprived laminae after monocular deprivation irrespective of whether deprivation was initiated at eye opening ( age was sufficient to promote a loss of NMDAR1-immunopositive neurons in the deprived layers that was comparable to the loss found after longer periods of deprivation. Furthermore, monocular deprivation until only 3 weeks of age, the start of the critical period, promoted a 19% loss of NMDAR1-positive neurons in deprived relative to nondeprived layers.
Recovery after monocular deprivation
The effect of monocular deprivation on the expression of the NMDAR1 subunit in the LGN was not necessarily permanent. Simply opening the deprived eye and allowing just 4 days of binocular vision at either 3 or 5 weeks of age reduced the deprivation effect in the LGN (P Ͻ 0.05) relative to animals that did not have binocular vision. There was still a slight (6% fewer NMDAR1 neurons in deprived layers) but not significant reduction in the number of NMDAR1-positive neurons in the previously deprived relative to nondeprived layers (Figs. 6A, 6B , and 7A). The recovery reflected approximately a 14% increase in the relative number of NMDAR1-immunoreactive neurons in the initially deprived layers, indicating that expression of the NMDA receptor in the developing LGN can be rapidly increased by exposure to patterned vision. Initiation of reverse occlusion at 5 weeks of age for either 2.5 or 5 weeks led to a reversal of the deprivation effect in the LGN (Figs. 6C, 6D , and 7B). The initial period of monocular deprivation would have promoted a loss of approximately 20% of the NMDAR1-immunopositive neurons in the initially deprived layers; however, after reverse occlusion there was a recovery of the number of NMDAR1-immunopositive neurons in the initially deprived layers to levels comparable with normally reared animals. The number of NMDAR1-immunopositive neurons in the layers deprived during reverse occlusion was significantly reduced from normal. There was an average of 14% fewer (1% s.d.) NMDAR1 neurons in the layers deprived during reverse occlusion relative to the nondeprived layers. The difference observed after reverse occlusion reflected both a loss of NMDAR1-immunopositive neurons in the layers deprived during reverse occlusion and recovery of NMDAR1 expression in the layers that received patterned visual activity.
The relative difference in the number of NMDAR1-immunopositive neurons between initially deprived and initially nondeprived layers of the LGN is summarized in Fig. 8 for the five rearing conditions. As expected there was not a difference between right eye and left eye layers in normally reared kittens, while both early (P Ͻ 0.001) and late (P Ͻ 0.001) monocular deprivation led to a comparable loss of NMDAR1 expression in the deprived layers. The initiation of binocular vision early in the critical period promoted recovery of NMDAR1 expression in the formerly deprived layers (P Ͻ 0.05) and reverse occlusion led to a complete reversal relative to the monocularly deprived conditions (P Ͻ 0.001).
Discussion
The results of the present study demonstrate that expression of the NMDAR1 subunit in the kitten LGN can be modified by visual Fig. 3 . A plot of the number of NMDAR1-immunopositive neurons in one eye's layers of the LGN during postnatal development in normally reared animals (open circles) and the nondeprived eye of monocularly deprived animals (solid circles). There was a steady increase in the number of immunoreactive neurons in the LGN during early development with the number nearly doubling between 3 and 6-8 weeks of age.
Fig. 4. (A)
The number of NMDAR1-immunopositive neurons in the deprived and nondeprived LGN layers after early monocular deprivation for each case studied (dotted line connects each case). All examples had fewer neurons in the deprived laminae. (B) When monocular deprivation was initiated at the peak of the critical period there were significantly fewer (P Ͻ 0.001) NMDAR1-immunopositive neurons in the deprived laminae of the LGN. The loss of NMDAR1-immunoreactive neurons was comparable after early and late monocular deprivation.
experience. There were fewer neurons expressing the NMDAR1 subunit in the layers of the LGN that were deprived of patterned visual experience during early postnatal development. This loss occurred whether monocular deprivation was initiated either at the time of eye opening or at the peak of the critical period, and included both the monocular and binocular portions of the LGN. This change in NMDAR1 expression in the monocular and binocular segments was similar to the loss of neurofilament-h expression in the LGN following monocular deprivation (Bickford et al., 1998) . The reduction in the number of NMDAR1-immunopositive neurons was not necessarily permanent since the introduction of binocular vision at the peak of the critical period was sufficient to ameliorate the effect of monocular deprivation. Furthermore, initiation of reverse occlusion at the peak of the critical period led to a complete reversal of the deprivation effect in the LGN. These results show that the pattern of retinal activity during early development exerts an influence on the expression of NMDA receptors in the LGN and that visual experience is necessary for promoting normal development of NMDAR1 expression in the LGN.
Relationship to competitive changes in the LGN
In many respects, the changes in NMDAR1 expression following visual deprivation are very similar to cell size changes in the LGN, with two important exceptions. First, NMDAR1 expression was reduced in both the binocular and monocular segments of the LGN, whereas cell size shrinkage following monocular depriva- tion is found in just the binocular segment (Guillery & Stelzner, 1970) . The shrinkage of LGN cells arises because of the cortical imbalance in binocular competition between geniculocortical afferents serving the deprived and nondeprived eye. Consequently, afferents within the binocular segment serving the deprived eye lose cortical territory, their arbors are reduced in size, and their somata in the deprived LGN laminae shrink. Second, there was a loss of NMDAR1 expression following monocular deprivation until just 3 weeks of age. Previous studies of cell size changes in the LGN have not found shrinkage of the cells in the deprived layers until after 3 weeks of age (Dursteler et al., 1976; Hickey, 1980) and have suggested that this is because the shrinkage reflects changes in cortical ocular dominance plasticity that do not begin until sometime after the third postnatal week. These two differences between NMDA expression and cell shrinkage in the LGN suggest that the loss of NMDAR1 expression in the deprived laminae found in the present study does not simply reflect competitive changes occurring in the visual cortex. Instead, the loss of NMDAR1 expression is consistent with a generalized down regulation of the NMDAR1 subunit when retinal activity is attenuated by monocular deprivation. These results, however, do not completely rule out the possibility that reduced binocular competition in the visual cortex contributes to the pattern of NMDAR1 expression in the LGN during the critical period. Additional experiments designed to manipulate binocular competition independent of retinal activity will be necessary to determine if reduced binocular competition in the visual cortex can influence NMDAR1 expression in the LGN.
Role for NMDA receptors in LGN development
During development of neural circuits, the NMDA receptor is involved in a number of aspects of the establishment and refinement of connections. NMDA receptors cluster around emerging synapses and have been proposed to participate in the initial formation and strengthening of nascent synapses (Aoki, 1997) . The arrangement of NMDA receptors also may act as a blueprint for developing synapses (Durand et al., 1996) , and may participate in the overall patterning of visual cortical columns (Murphy et al., 1996; Trepel et al., 1998) . Activation of the NMDA receptor during development is a necessary component in the segregation of retinal inputs to the LGN (Hahm et al., 1991) , as well as in the normal development of cortical ocular dominance columns (Kleinschmidt et al., 1987; Daw, 1994) . This NMDA-dependent plasticity in the LGN and visual cortex is thought to be associated with long-term synaptic potentiation that is triggered when corre- Values less than zero indicate that there were fewer NMDAR1-immunopositive neurons in the initially deprived layers and greater than zero indicate more NMDAR1-immunopositive neurons in the initially nondeprived layers. There was no difference between the layers in normally reared animals. There were significantly fewer NMDAR1-immunopositive neurons in the deprived laminae of the LGN following early and late monocular deprivation. Early monocular deprivation followed by binocular vision promoted recovery of NMDAR1 expression in the deprived laminae. Reverse occlusion led to a complete reversal of the monocular deprivation effect: an increase of NMDAR1-immunoreactive neurons in the initially deprived laminae and a decrease in the initially nondeprived laminae. lated patterns of activity activate the NMDA receptor (Komatsu et al., 1981; Artola & Singer, 1987; Bear et al., 1992; Mooney et al., 1993; Kirkwood et al., 1995 Kirkwood et al., , 1996 . Furthermore, the subunit composition of the NMDA receptor changes during development with a progressive change in the NMDAR2 subunit composition in both cortex (Sheng et al., 1994) and the LGN where it is associated with the maturation of the physiological response (Ramoa & Prusky, 1997) . However, at all ages the R1 subunit is an obligatory component of a functional NMDA receptor (Moriyoshi et al., 1991; Monyer et al., 1992; Nakanishi, 1992) . Clearly the role of NMDA receptors in the development of neural circuits is complex. Cline and Constantine-Paton (1990) proposed that activation of the NMDA receptor leads to the refinement of axons by helping to stabilize active synapses and restrict axon growth. Following from this notion, when NMDA expression is reduced, there would be a reduced probability of stabilizing developing synapses and appropriately refining connections in the deprived layers of the LGN. Perhaps the changes in NMDA receptor expression in the LGN that are promoted by deprivation reflect a primary aspect of experience-dependent retinogeniculate plasticity.
Relationship to physiological changes
The reduction in NMDAR1 expression following monocular deprivation raises the possibility that at least some of the physiological changes in the deprived layers of the LGN may result from the loss of this excitatory amino acid receptor. Development of the NMDA receptor response from the immature (Ramoa & McCormick, 1994) to the mature form is dependent upon visual experience (Ramoa & Prusky, 1997) . Activation of the NMDA receptor contributes to the fast response of LGN cells to retinal stimulation (Sillito et al., 1990; Kwon et al., 1991; Esguerra et al., 1992 ) and appears to be necessary to drive LGN relay cells to threshold in response to visual stimulation. The nonlinear response of the NMDA receptor may also act to gate information (Esguerra et al., 1992) or to extend the dynamic range in the transmission of information through the LGN (Sillito et al., 1990) . When NMDA receptors are selectively blocked by iontophoretic application of either APV or CPP, the response of LGN neurons to visual stimulation is either absent or greatly reduced (Sillito et al., 1990) . The effect of NMDA receptor blockade is similar for both X-and Y-cells (Sillito et al., 1990; Kwon et al., 1991) ; however, it is Y-cells that are preferentially affected by monocular deprivation (Sherman et al., 1972; reviewed in Sherman & Spear, 1982) . Y-cell arbors are smaller in deprived laminae (Sur et al., 1982) , there are fewer CAT-301 positive neurons (Sur et al., 1988; Kind et al., 1995) , and fewer physiologically distinct Y-cells are identified in deprived laminae (Sherman et al., 1972; Friedlander & Stanford, 1984) . At first glance, the role of NMDA receptor activation in both the X-and Y-cell responses may lead to the conclusion that reduced NMDAR1 expression does not contribute to the physiological changes in a selective manner; however, one must bear in mind that monocular deprivation does not eliminate all NMDAR1 expression. There were about 20% fewer NMDAR1-immunopositive neurons in deprived relative to nondeprived layers, raising the possibility that NMDA receptor expression was compromised on one class of neurons. Perhaps early monocular deprivation initiates a loss of NMDAR1 expression predominantly on Y-cells. The loss of NMDA expression would reduce the probability of the fast response to visual stimuli and disrupt nonlinear summation, both of which are characteristics of the physiological response of Y-cells. This issue may be tested in future physiological experiments by examining the influence of NMDA receptor blockade in deprived versus nondeprived laminae.
Functional considerations
There can be little doubt that the reduction in the number of neurons expressing the NMDAR1 subunit in deprived layers of the LGN has a functional impact on retino-geniculo-cortical transmission. The LGN functions both to transmit visual information from the retina to the visual cortex and to actively modulate the flow of that information. The loss of NMDA receptors could influence both of those functions by diminishing the probability of retinal activity leading to depolarization in the LGN and changing the temporal dynamics of the LGN response. This could lead to a more sluggish response, poorer signal-to-noise discrimination, and may reduce the fine-tuning exerted by the corticofugal inputs to the LGN. Each of these changes could degrade the signal being transmitted through the deprived layers of the LGN to the visual cortex and contribute to reduced visual capacity that results from monocular deprivation.
